, facilitating more occurrences of atmospheric convection in the eastern equatorial region.
The 1982/83 and 1997/98 extreme El Niño events were characterized by an exceptional warming, with sea surface temperatures (SSTs) exceeding 28
• C extending into the eastern equatorial Pacific 2, 3 . This led to an equatorward shift of the intertropical convergence zone (ITCZ), and hence intense rainfall in the equatorial eastern Pacific where cold and dry conditions normally prevail. This major reorganization of atmospheric convection severely disrupted global weather patterns and spurred major natural disasters. Catastrophic floods occurred in the eastern equatorial region of Ecuador and northern Peru 3, 7 , and neighbouring regions to the south and north experienced severe droughts ( Supplementary Fig. 1 ). The anomalous conditions caused widespread environmental disruptions, including the disappearance of marine life and decimation of the native bird population in the Galapagos Islands 15, 16 , and severe bleaching of corals in the Pacific and beyond 4, 5 . The impacts extended to every continent, and the 1997/98 event alone caused US$35-45 billion in damage and claimed an estimated 23,000 human lives worldwide 17 . The devastating impacts demand an examination of whether greenhouse warming will alter the frequency of such extreme El Niño events. Although many studies have examined the effects of a projected warming on the Pacific mean state, El Niño diversity and El Niño teleconnections [18] [19] [20] [21] , the issue of how extreme El Niños will change has not been investigated. Here we show that greenhouse warming leads to a significant increase in the frequency of such events.
We contrast the characteristics between the extreme and moderate El Niño events using available data sets 22, 23 , focusing on December-January-February (DJF), the season in which El Niño events peak. During moderate events, which include canonical and Modoki El Niño 24 , the eastern boundary of the warm pool (indicated by the 28
• C isotherm, purple, Fig. 1a ) and the atmospheric convective zone move eastwards to just east of the Date Line. The ITCZ lies north of the Equator 25 , and the rainfall anomaly over the eastern equatorial Pacific is small (Fig. 1a) .
During extreme El Niño, the warm pool expands eastward and eventually covers the entire equatorial Pacific (Fig. 1b) , markedly weakening the equatorial east-west and meridional SST gradients (Fig. 1c,d) ; the latter being defined as the difference between the northern off-equatorial (8 • N, the ITCZ position) and the equatorial Pacific. Consequently convection, which follows the highest SSTs, extends eastward and the ITCZ shifts equatorward 25 , leading to atmospheric convection and extraordinary rainfall (>5 mm per day, green, Fig. 1b ) in the normally dry eastern equatorial Pacific. There, easterly winds are replaced by westerlies, which suppress the eastern equatorial upwelling 2, 3 , reinforcing the exceptionally high SSTs in this region. In association, Niño3 areaaveraged rainfall increases nonlinearly with Niño3 SST (Fig. 1c) and the meridional SST gradient (Fig. 1d) .
This striking rainfall nonlinearity is the distinct feature of an extreme El Niño, reflecting the pronounced shift in convective zone, with concurrent weakening of SST gradients in the eastern equatorial Pacific (Supplementary Fig. 3 ). Niño3 rainfall is thus a good indicator of extreme El Niño 25, 26 , particularly because it is the anomalous convection and rainfall that in turn influence global weather. Rainfall is also an excellent measure for condensational heating of the atmosphere, thus providing an effective metric for large-scale atmospheric circulation anomalies. The observed rainfall nonlinearity can be measured by its skewness, which is greater than one over the period since 1979. We define an extreme El Niño as an event during which such massive reorganization of atmospheric convection takes place, leading to Niño3 rainfall that exceeds 5 mm per day; similar to a previous definition that used a rainfall anomaly threshold in the eastern Pacific 25 . Our definition distinctly identifies the 1982/83 and 1997/98 events as extreme El Niños.
The extraordinary large-scale changes over the tropical Pacific during an extreme El Niño mean that such events can induce extreme swings of the South Pacific convergence zone (SPCZ) (referred to as zonal SPCZ events), as occurred in 1982/83 and 1997/98 (refs 8,9) . However, zonal SPCZ events can also occur without extreme El Niños 8 , as in 1991/92. During the 1991/92 event, observations and reanalyses 23, 24 show that the 28 • C isotherm, the 5 mm per day rainfall isopleths, or ascending motion, did not cover the entire Niño3 region, and the ITCZ was still situated north of the Equator ( Supplementary Fig. 4 ), in stark contrast to the 1982/83 and 1997/98 extreme El Niño events ( Supplementary Fig. 2c ). As zonal SPCZ events can occur without extreme El Niños, as is also the case in the climate models considered here ( Supplementary Fig. 5 ), a,b, Time-longitude diagram for composite moderate and extreme El Niño events, respectively, of equatorial SST anomalies (colour scale) and rainfall anomalies (contour, at intervals of 3 mm per day), 28 • C isotherm (purple curve) and total rainfall 5 mm per day isopleth (green curve) for the control period, illustrating simulation of the observed evolution. c,d, Relationship between eastern equatorial Pacific (Niño3 area:
austral summer total rainfall and austral summer meridional SST gradient for the control and climate change periods, respectively. Red, green and blue dots indicate extreme El Niño (defined as events for which austral summer rainfall is greater than 5 mm per day), moderate El Niño (defined as events with SST anomalies greater than 0.5 s.d. of the control period that are not extreme El Niño events), and La Niña and neutral events, that is, all non-El Niño years, respectively. The number of moderate El Niño and extreme El Niño events in each period is shown.
increased occurrences of zonal SPCZ events under global warming 9 should not be used to infer a change in frequency of extreme El Niño events, an issue that is specifically examined here.
Not all coupled general circulation models (CGCMs) simulate the observed level of rainfall skewness. The CGCMs are forced with historical anthropogenic and natural forcings, and future greenhouse gas emission scenarios (Methods), each covering a 200-year period. We determine Niño3 rainfall skewness over the 200-year period in each model. Using skewness greater than 1 and Niño3 rainfall exceeding 5 mm per day as criteria for model selection, we identify 9 CMIP3 and 11 CMIP5 CGCMs that can simulate an extreme El Niño (Supplementary Figs 6-13 and Tables 1-2 ). For each of these 20 CGCMs, we compare the frequency of extreme El Niño in the first (1891-1990) and second (1991-2090) 100-year periods, referred to as the control and climate change periods, respectively.
The models reproduce the contrasts between moderate and extreme El Niño events (Fig. 2a,b) as seen in observations (Fig. 1a,b and Supplementary Fig. 2 ), associated with large reductions in meridional and zonal SST gradients (Supplementary Fig. 14) . In aggregation, the total number of El Niño events decreases slightly but the total number of extreme El Niño events increases (Fig. 2c,d ). The frequency of extreme El Niños doubles from about one event every 20 years (101 events in 2,000 years) in the control, to one every 10 years (212 events in 2,000 years) in the climate change period (Fig. 2c,d ). This is statistically significant according to a bootstrap test 27 , underscored by a strong inter-model consensus, with 17 out of 20 models simulating an increase ( Supplementary  Tables 1-2 ). These robust statistics are particularly compelling given the large inter-model differences in convective parameterizations 28 . Sensitivity tests to varying definitions of extreme El Niño (for example, in conjunction with a diminishing meridional SST gradient, or using Niño3 rainfall relative to the western Pacific rainfall), or inclusion of all CGCMs, further support the robustness of this result (Supplementary Tables 3-6 ). We assess the potential impact of the well-known cold SST bias using the HadCM3 CGCM, in which biases are corrected through a flux adjustment 12 in perturbed physics ensemble (PPE) experiments that produce extreme El Niño events. There is a fourfold increase in the frequency from one event in 60 years in the control to one event in 15 years in the climate change period ( Supplementary Fig. 15 and Table 7 ). Thus, our conclusion remains valid in the absence of the SST biases. Although flux adjustments are not sufficient to correct all errors in models, this result does provide further evidence for future increase in extreme El Niño frequency.
The more frequent establishment of atmospheric convection in the eastern equatorial Pacific is induced by diminishing, or reversing, meridional and zonal SST gradients ( Supplementary Fig. 14) , rather than by a localized warming that exceeds the convective threshold range of the control period. For the latter to be true, the tropical convective area in recent decades and future climate simulations must expand, but there is no systematic evidence for this. Further, the CGCMs that are not selected, mostly with SSTs below the convective threshold in the control period, are unable to produce extreme El Niño events after the threshold is reached in the climate change period (Supplementary Figs 12-13) , supporting the idea that convective threshold increases with mean SSTs (ref. 29) .
The weakening of the SST gradients is induced by faster warming in the background state along the equatorial than in the off-equatorial Pacific, and in the eastern equatorial Pacific than in the west (Supplementary Fig. 16a ) 13, 14 , a feature produced even without a dynamical ocean 30 . These slight changes in climatological SST gradient translate into a large increase in the occurrences of a diminished or reversed meridional SST gradient (Fig. 3a) . This is associated with more occurrences of maximum SSTs, and hence convection, in the eastern equatorial Pacific for a given SST anomaly, Under greenhouse-gas-induced warming conditions, warming occurs everywhere but at a faster rate in the eastern equatorial Pacific, diminishing the zonal and meridional SST gradients. Strong SST gradients are a barrier to a shift in convection zones. Therefore, in the future climate, shifts in convection zones can be facilitated by weaker changes in SST and thus SST gradients (indicated by one black contour and by green arrows), as compared with the present-day climate in which stronger changes are required (indicated by two black contours and red arrows).
leading to increased extreme El Niño occurrences (Fig. 3b) even though neither the average amplitude of El Niño-related SST anomalies nor the frequency of El Niño is substantially changed 19 . The increased extreme El Niño events do not simply result from an increasing climatological rainfall, but from enhanced probability of the establishment of atmospheric deep convection in the eastern equatorial Pacific through the change in background conditions: as the Equator warms more rapidly than the SSTs at the climatological position of the ITCZ, it takes a relatively weaker SST anomaly as compared with the control period to establish the warmest water over the equatorial eastern Pacific (Fig. 4) . Detrended SST anomalies averaged over extreme El Niño events are indeed slightly smaller in the climate change period than those in the control period. There is virtually no change in occurrences concurrent with high SST anomalies (for example, >2
• C), and most of the increased occurrences of extreme El Niño are associated with smaller SST anomalies (Fig. 3c) . The increased frequency of convection in the eastern equatorial Pacific is further highlighted by a 66% increase in the occurrences of detrended Niño3 rainfall anomalies greater than 2 mm per day, with a strong inter-model consensus (Fig. 3d and Supplementary Table 8 and Fig. 17 ). In contrast, there is no robust change following the commonly used definition based on similarly detrended, standardized Niño3 SST anomalies (Supplementary Table 9 ). The increased occurrences of atmospheric convection in the eastern equatorial Pacific depict stronger air-sea interactions, with a 25% increase in the sensitivity of detrended rainfall to positive SST anomalies (Supplementary Fig. 18 ). Despite these fundamental changes, the spatial pattern of the associated rainfall teleconnection remains overall similar to that in the control period ( Supplementary Fig. 19 ), suggesting that, at a given location, past extreme El Niño impacts will repeat more frequently in the future as the planet warms.
In summary, our result of greenhouse-induced increased occurrence of extreme El Niño events is in stark contrast with previous findings of no consensus in El Niño change; our robust results arise from the use of process-based metrics, such as SST gradients and the impacts of reorganization of atmospheric convection, that isolate the mechanism of extreme El Niño events. With a projected large increase in extreme El Niño occurrences, we should expect more occurrences of devastating weather events, which will have pronounced implications for twenty-first century climate.
Full methods and any associated references are available in the Supplementary Information.
Methods
Diagnosis of extreme El Niño events. We use rainfall data in the satellite era (1979-present) 23 , and SSTs from a global reanalysis 22 Tables 1 and 2) , yielding a mean skewness close to the observed (Supplementary Tables 1 and 2 ). The skewness criterion filters out models with an overly wet or cold and dry model east equatorial Pacific (Supplementary Figs 10  and 11 ). These biases generally reduce the skewness, and are associated with SSTs well below or above the convective threshold range of 26-28 • C (ref. 29) , leading to overly subdued or active Niño3 rainfall variability. Out of 33 PPE experiments, 25 meet the skewness criterion. We derive changes in the frequency of extreme El Niño events by comparing the first 100 years (control period) to the later (climate change period) years. We also test the sensitivity of our results to varying definitions (Supplementary Tables 3-6 ).
Contrasts between extreme El Niño and zonal SPCZ events. Neither zonal SPCZ nor extreme El Niño is a subset of the other (Supplementary Fig. 5a ). This is because zonal SPCZ events are more closely associated with the south off-equatorial minus the equatorial meridional SST gradients over the central Pacific longitudes (Supplementary Fig. 5b) , instead of the north off-equatorial minus the equatorial SST gradients over the eastern Pacific longitudes, which characterize extreme El Niño (Fig. 2c,d and Supplementary Fig. 5c ). An aggregation over the 20 selected CGCMs (Supplementary Figs 6-13 and Tables 1-2 ) and over 200 years shows that about 40% of all zonal SPCZ events are independent from extreme El Niño events (green dots, Supplementary Fig. 5a and Table 10 ), analogous to the 1991/92 event, with generally lower Niño3 rainfall and larger north off-equatorial minus equatorial SST gradients in the eastern Pacific, in contrast to those during extreme El Niño events that can occur without zonal SPCZ events (about 20%, purple dots in Supplementary Fig. 5a ). Supplementary Fig. 5b -e further contrasts the SST and rainfall anomaly patterns associated with independent zonal SPCZ events from those during extreme El Niño events in which the anomalies extend farther east into the Niño3 region.
Total rainfall change. The total rainfall change in the eastern equatorial Pacific under greenhouse warming ( Rain total ) contains contributions from a change in the annual cycle ( Rain annual-cycle ), a long-term trend ( Rain long-term ), and a change in the response of rainfall to changing El Niño/Southern Oscillation (ENSO; Rain ENSO ). For a given season, the Rain annual-cycle and Rain long-term terms can be combined to a total long-term trend, Rain total-long-term , such that Rain total = Rain total-long-term + Rain ENSO As ENSO is seasonally phase-locked, peaking in austral summer, if there is a trend due to the response to ENSO, the total rainfall trend will include the contribution from Rain ENSO , which would be at least partially removed by the detrending process. To understand how the distribution of rainfall anomalies will change, rainfall is quadratically detrended. The detrending process might partially remove the rainfall increase due to the increased frequency of extreme El Niño events.
